I N T R O D U C T I O N
Serum sodium is maintained at a relatively constant level in our body, with the kidneys playing a pivotal role [1, 2] . Patients with chronic kidney disease (CKD) may be more susceptible to the development of abnormalities of serum sodium level by virtue of their diminished ability to maintain water homeostasis [3, 4] . Hypo-and hypernatremia are common electrolyte abnormalities leading to a spectrum of clinical symptoms [1, 5] . Serum sodium abnormalities are associated with increased mortality, morbidity and length of hospital stay among patients with various disease states [6] [7] [8] [9] [10] . Furthermore, several studies have reported other non-fatal but serious complications such as hyponatremic encephalopathy in postoperative and other clinical conditions [11] [12] [13] .
Hyponatremia is associated with higher risk for mortality in maintenance dialysis patients [14] [15] [16] [17] . Few studies have examined the impact of hyponatremia on outcomes in CKD patients not on dialysis [18, 19] . Among ambulatory US Veterans with CKD, hyponatremia and hypernatremia were associated with mortality, independent of congestive heart failure (CHF) and liver disease [19] . Increased all-cause mortality was also found among non-dialysis CKD patients with hyponatremia followed in CKD clinics in the UK [20] . Among ambulatory CKD patients followed in nephrology clinics, patients with hyponatremia were at a higher risk for end-stage renal disease, and there was a higher risk for death in those with hyponatremia and hypernatremia [18] . However, reasons for these higher risks of death in CKD have not been studied among a general ambulatory non-dialysis-dependent patient population. To address this, we investigated the association of serum sodium levels with both all-cause and cause-specific deaths in a diverse population of ambulatory Stage 3 and 4 CKD patients [estimated glomerular filtration rate (eGFR) 15-59 mL/min/1.73 m 2 ] followed in a large healthcare system.
M A T E R I A L S A N D M E T H O D S
We conducted an analysis using a preexisting Electronic Health Record (EHR)-based CKD registry. The development and validation of the EHR-based CKD registry at Cleveland Clinic have been described in detail elsewhere [21, 22] .
Study population
Patients who met the following criteria from 1 January 2005 to 31 December 2012 were included in the study population: (i) had at least one face-to-face outpatient encounter with a Cleveland Clinic healthcare provider, (ii) had two or more eGFR values <60 mL/min/1.73 m 2 more than 90 days apart, (iii) were residents of the state of Ohio and (iv) had a serum sodium and glucose measured on the date of the second eGFR <60 mL/min/1.73 m 2 .
Definitions and outcome measures
Renal function. We applied the CKD-EPI equation to patients in our health system who had at least two outpatient serum creatinine levels between 1 January 2005 and 31 December 2012 to calculate eGFR [23] . All creatinine measurements were performed by the modified kinetic Jaffe reaction, using a Hitachi D ).
Serum sodium and glucose. Only outpatient serum sodium laboratory measures obtained with a same reference range were included in this analysis. We calculated corrected serum sodium levels for patients with glucose >200 mg/dL using the formula: corrected serum sodium ¼ measured serum sodium þ 1.6 (serum glucose À 100)/100. Hyponatremia was defined as <136 mmol/L. Hypernatremia was defined as >145 mmol/L [18] . Serum sodium levels measured on the day of the second eGFR <60 mL/min/1.73 m 2 at least 90 days after the first eGFR, as described, were used for the baseline serum sodium analysis. For our time-dependent repeated measures analysis, we included the baseline serum sodium value as well as the first serum sodium value measured each month during the study follow-up. For each monthly serum sodium, the concomitant glucose value was used for adjustment. We used carry-forward values to fill in data for months where the serum sodium data were not available.
Outcomes. Mortality was ascertained from the EHR and linkage of the CKD registry with the Ohio Department of Health mortality files to obtain cause-specific mortality details. The underlying cause of death was coded according to the International Classification of Diseases, Tenth Revision (ICD-10). We grouped the underlying causes of death according to the National Center for Health Statistics for each coding system, except for some changes as outlined below. We classified deaths into three major categories: (i) cardiovascular deaths, (ii) malignancy-related deaths and (iii) non-cardiovascular/nonmalignancy-related deaths. We defined cardiovascular deaths as deaths due to diseases of the heart, essential hypertension, cerebrovascular disease, atherosclerosis or other diseases of the circulatory system (ICD-10 codes I00-I78). We also categorized the cardiovascular deaths into the following clinically meaningful subcategories: ischemic heart disease (I20-I25), heart failure (I50), cerebrovascular diseases (I60s) and all other cardiovascular diseases (include all others from I00 to I78, except for I20-I25, I50 and I60). Patients were followed from their date of inclusion in the registry (date of second eGFR <60 mL/min/ 1.73 m 2 ) until 31 December 2012.
Statistical analyses
CKD patients with measured outpatient serum sodium values adjusted for glucose at the time of second eGFR <60 mL/ min/1.73 m 2 were further classified into low (<136 mmol/L), normal (136-145 mmol/L) and high (>145 mmol/L) serum sodium as described above. Associations between demographic and baseline characteristics and baseline serum sodium levels
were assessed using v 2 and ANOVA tests or the Kruskal-Wallis test for categorical and continuous variables, respectively. We fitted a logistic regression analysis to evaluate the factors associated with hyponatremia compared with normal serum sodium levels at the time of second eGFR < 60 mL/min/1.73 m 2 .
Covariates were based on information known prior to second eGFR <60 mL/min/1.73 m 2 and chosen a priori based on factors previously shown or thought to be related to serum sodium and mortality. These include age groups, gender, race, body mass index (BMI) group, eGFR, diabetes, hypertension, cerebrovascular disease, malignancy, CHF, liver disease, smoking and diuretic use. Factors associated with hypernatremia were not studied due to the small sample size.
To evaluate whether overall survival was associated with serum sodium levels, we used the Kaplan-Meier plots and logrank tests with the date of second eGFR <60 mL/min/1.73 m 2 and sodium measurement as the time of origin. We used a Poisson model to estimate age-adjusted death rates per 1000 years of follow-up across the levels of baseline serum sodium. We fitted Cox proportional hazards models to evaluate the relationship between baseline serum sodium and all-cause mortality. To incorporate serum sodium results obtained after inception, we fitted a Cox proportional hazards model of allcause mortality with time-dependent repeated measures of serum sodium. We also used Fine and Gray's extension of the Cox regression that models the cumulative incidence to fit competing risk regression models and to evaluate the association between baseline serum sodium levels and each cause-specific mortality (malignancy, cardiovascular and non-cardiovascular/ non-malignancy). In each of these models, we adjusted for the covariates mentioned above and following additional variables: coronary artery disease, peripheral vascular disease, angiotensin-converting enzyme/angiotensin receptor blocker use, beta blocker use, albumin, hemoglobin, serum bicarbonate and hyperlipidemia. We used splines to relax linearity assumptions for continuous variables included in the models.
We tested two-way interactions between low serum sodium and the following covariates: age, gender, race, diabetes, CHF and eGFR in the adjusted Cox proportional hazards model of all-cause mortality with time-dependent repeated measures of serum sodium. We also examined the relationship between time-dependent continuous serum sodium and all-cause mortality using restricted cubic splines with knots at percentiles 5, 25, 50, 75 and 95. These splines allowed us to model a flexible non-linear relationship between sodium and mortality. We plotted the resulting log hazard from this model versus continuous serum sodium.
We had the following missing data: smoking 9%, BMI 3%, albumin 14% and hemoglobin 13%. We used multiple imputations [SAS proc multiple imputation (MI)] with the Markov Chain Monte Carlo method and a single chain to impute five datasets with complete data. All logistic and Cox models were performed on each of the five imputed datasets, and parameter estimates were combined using SAS MIanalyze. To evaluate the effect of using multiple imputations, we fitted the logistic, Cox and competing risks models on complete cases only. We also performed an additional sensitivity analysis on mortality by excluding patients with baseline malignancy.
All
R E S U L T S

Patient characteristics
A total of 45 333 Stage 3 and 4 CKD patients who had serum sodium and glucose levels measured on the date of second eGFR <60 mL/min/1.73 m 2 were included in the analysis (Supplemen tary data, Figure S1 ). Mean age of the study population was 72 6 11.9 years with 55% being females and 14% African Americans. Using the baseline serum sodium levels, hyponatremia and hypernatremia were noted among 8 and 1.2% of the study population, respectively. While considering the serum sodium results obtained during follow-up, hyponatremia and hypernatremia were noted among 9 and 0.9% of all laboratory measurements. Among patients with follow-up sodium values, 27% sustained at least one episode of hyponatremia, while 6% experienced at least one episode of hypernatremia. Demographic characteristics and comorbid conditions were significantly different among patients with high or low baseline serum sodium levels compared with normal serum sodium ( Table 1) .
Factors associated with hyponatremia
In the multivariable logistic regression analysis, the following variables were associated with higher odds of having hyponatremia compared with those with normal serum sodium levels: younger age, female gender, lower eGFR, malignancy, liver disease, CHF, diuretic use and smoking (Table 2) .
Serum sodium levels and all-cause mortality Among our study population, 11 715 died (26%) during a median follow-up of 3.6 years. Both the Kaplan-Meier (Figure 1 ) and Cox proportional hazards analyses showed significantly higher all-cause mortality among those with low and high baseline serum sodium levels. After adjusting for relevant confounding variables (using baseline serum sodium levels), both hyponatremia [hazard ratio (HR) 1.39, 95% confidence interval (CI): 1.32-1.48] and hypernatremia (HR 1.31, 95% CI: 1.14-1.51) were associated with all-cause mortality. In the multivariable models with time-dependent repeated measures of serum sodium, both hyponatremia (HR 2.24, 95% CI: 2.14-2.35) and hypernatremia (HR 1.66, 95% CI: 1.44-1.91) were associated with significantly higher risk for all-cause mortality. Figure 2 shows the relationship between serum sodium as a continuous measure and the log hazard of all-cause deaths.
Serum sodium and reasons for death
Supplementary data, Table S1 shows the main causes of death among those with normal serum sodium, hyponatremia and hypernatremia at baseline. Supplementary data, Table S2 details the age-adjusted mortality rates (all-cause and other cause-specific deaths) based on baseline serum sodium levels. Hyponatremia was also significantly associated with increased risk for each cause-specific mortality category (Table 3) , while hypernatremia was significantly associated with higher noncardiovascular/non-malignancy mortality.
Effect modification by age, CKD stage and CHF
We found significant two-way interactions between hyponatremia and age, eGFR and gender on all-cause mortality. These interactions indicated that while significant at all levels, the increased mortality hazard associated with hyponatremia was stronger among younger ages (P < 0.001), at higher eGFR levels (P < 0.001) and among males (P < 0.001) (see Supplementary data, Table S3 ).
Sensitivity analyses
Excluding those with malignancy and complete case analysis. Supplementary data, Tables S4 and S5 show the associations between hyponatremia and hypernatremia by excluding those with malignancy at baseline and by including only patients with complete data. Associations between hyponatremia and various causes of death were qualitatively similar to the primary analysis except for malignancy-related deaths.
D I S C U S S I O N
In this cohort of ambulatory patients with Stage 3 and 4 CKDs, dysnatremias were noted in $9% of the study population. Several demographic and clinical factors were associated with hyponatremia in CKD. We found that hyponatremia was associated with higher risk for all-cause and various causes of death, even after adjusting for various confounding variables. Similarly, we found an association between hypernatremia and higher risk for all-cause and non-cardiovascular/nonmalignancy-related deaths in the primary analysis. Associations between hyponatremia and mortality were stronger in those who were younger and with earlier stages of kidney disease. Values are presented as mean 6 SD, median (P25, P75) or column %. All variables significantly different (P < 0.05) across sodium levels, except for diabetes, coronary artery disease and cerebrovascular disease.
The prevalence of hyponatremia at hospital admission ranges from 5 to 35% [2, 24] . Among studies that included an ambulatory CKD population, prevalence ranges from 6 to 13.5% [18, 19, 25] . The proportion of patients with hyponatremia was similar to other previous reports, and we had similar findings in terms of demographic characteristics associated with hyponatremia and adverse outcomes such as increased all-cause mortality with sodium disorders. Importantly, we add to the literature regarding cause-specific mortality for sodium abnormalities in CKD, which has not been reported before.
Risk factors for hyponatremia noted in other studies include advanced age, male gender and low body weight. Hyponatremia is also associated with many different disease states such as CHF, liver disease and pneumonia. Most of our findings were concordant with these previous studies: hyponatremia was more frequently observed in patients with lower eGFR, malignancy, liver disease, CHF and diuretic use, while the following variables were associated with lower odds of having low serum sodium levels: being overweight and hypertension. Unlike other reports in the literature, we found females to be at higher risk of hyponatremia when adjusting for other comorbidities. We noted lower odds of hyponatremia in older adults, which could be due to the younger sicker patients followed in the healthcare system. The mean age of patients with hyponatremia was lower than those who had normal serum sodium level in a Veterans Affairs study cohort [19] . Lower levels of kidney function are associated with higher odds of hyponatremia, pointing out the diminished ability to maintain water homeostasis in CKD.
Studies have reported an association between hyponatremia and mortality across many diverse conditions (e.g. pneumonia, heart failure, acute myocardial infarction, cirrhosis, pulmonary embolism and cancer) [26, 27] . Hyponatremia was associated with an increased risk of overall mortality (relative risk: 2.60, 95% CI: 2.31, 2.93) in a meta-analysis [10] . Our baseline sodium analysis and time-dependent analyses confirm these findings. In the competing risk models, we also noted that hyponatremia was associated with cardiovascular, malignancy-related and non-cardiovascular/non-malignancy-related deaths, suggesting that sodium disorders have effects on multiple systems in humans rather than cardiovascular health alone.
Mild hyponatremia and hypernatremia are both associated with increased total mortality and cardiovascular events in older men, and the known cardiovascular risk factors did not explain the excess risk of all-cause mortality [28] . Hyponatremia is associated with cognitive deficits, bone disease and falls [29] [30] [31] . Our findings of higher risk for noncardiovascular/non-malignancy-related deaths could be attributed to these non-traditional mediation effects of hyponatremia (e.g. hyponatremia leading to falls and then subsequent non-cardiovascular/non-malignancy-related deaths). Due to the nature of the study cohort, we lacked details of cognitive impairment, falls and fractures, etc. to further explore this. A relationship between hyponatremia and brain edema has been reported, and whether this contributes to the mortality burden warrants further studies [32] . Another possible mechanism for the increased cardiovascular mortality associated with hyponatremia independent of underlying disease may be hyponatremia-induced oxidative stress and inflammation [33] . Even though hyponatremia was associated with malignancy-related deaths, such an association was not observed in those without preexisting malignancy (Supplementary data, Table S4 ). It is important to note that despite numerous studies demonstrating higher mortality risks with sodium abnormalities, clinical trials examining whether correcting sodium levels will improve outcomes are lacking [27] . Furthermore, the higher risk of death among older adults and in those with higher GFR categories could be attributed to the fact that aging and decline in kidney function per se override the detrimental effects of other factors in CKD.
Our study has many strengths including a large diverse ambulatory population with Stage 3 and 4 CKDs, availability of several confounding variables and the use of time-dependent repeated measures analyses to account for changes in serum sodium over time. Importantly, we have examined the reasons for death in those with different levels of serum sodium in this population through our linkage of cause-specific mortality data. Although we had availability of multiple relevant variables, residual confounding cannot be ruled out. Despite these strengths, there are limitations to our study. We included several variables that could affect serum sodium levels and are related to mortality; however, we lacked details about severity of the comorbidities, and other factors such as urine osmolality and other details to categorize the reasons for hyponatremia further. Also, our patients have been followed in a healthcare system, and hence these data might not be applicable to community-dwelling adults with CKD. It is important to point out that the associations between hypernatremia and outcomes were not significant in the sensitivity analyses, which could be attributed to the smaller number of events. We obtained causespecific death data from the State of Ohio Department of Health mortality files, which provides data to the National 
